T he current effort to restore water quality in Chesapeake Bay was initiated early in the 1980s, after a baywide study identified excess nutrients as the primary cause of water quality problems in the bay (Malone et al. 1993) . Increased nutrient availability has enhanced algal growth throughout the bay, which promotes oxygen depletion below the euphotic zone (Officer et al. 1984) and also reduces light availability for submersed vascular plants. Historically, submersed vascular plants were a key component of the bay's trophic system, but their distribution by the early 1980s had decreased to less than 20% of what it was before 1960 (Orth and Moore 1983) .
Estuarine scientists had recognized for several decades that nutrient enrichment was a threat to the bay, but not until 1987 were formal goals established to reduce nitrogen and phosphorus inputs to the bay from both point and nonpoint sources. Although quantifying point source inputs was straightforward, relatively little information was available on nonpoint source nutrient inputs. Research before 1987 had focused almost exclusively on processes in the bay itself rather than throughout the watershed. Nevertheless, there was a consensus that agriculture was the main contributor of nonpoint source nutrient inputs to the bay.
Nowhere in the bay watershed has the role of agriculture come under more scrutiny than on the Eastern Shore of Maryland (that region of Maryland east of Chesapeake Bay [ Figure 1] ). Although the Eastern Shore comprises only approximately 5% of the total bay watershed, it contains the most concentrated grain-and poultry-producing regions in the entire watershed. Corn (Zea mays L.), soybeans (Glycine max L.), and wheat (Triticum aestivum L.) are the major crops, with most of the production used in the formulation of poultry feed. The ratio of agricultural land to forest on the Eastern Shore is approximately 1:1 versus 1:2 for the entire bay watershed. Because of the highly irregular shoreline of Chesapeake Bay along its eastern boundary, a major fraction of agricultural drainage from cropland on the Eastern Shore flows almost directly into tidal waters that historically have supported commercial and recreational fisheries. The inland penetration of tidal waters in Eastern Shore tributaries limits opportunities for single-point monitoring of nutrient export rates from large drainage areas. As a result, little information had been collected on nutrient export rates from most of the Eastern Shore before the onset of the effort to restore Chesapeake Bay.
The initial strategy
Because the database on land use and nutrient transport relationships within the bay watershed was limited, environmental managers had little choice but to develop nutrient reduction strategies using findings from the broader research community. Historically, agricultural water quality research had focused on soil erosion, in part because soil loss is an obvious threat to future agricultural production, but also because sediment is generally regarded as the primary nonpoint source pollutant of streams and rivers (Berkman and Rabeni 1987, NRC 1992) . In addition, phosphorus tends to limit algal growth in freshwater systems (Schindler 1974) , and phosphorus is transported primarily with sediment in watersheds predisposed to high rates of erosion. For example, scientists projected that goals to reduce nonpoint source phosphorus inputs to the Lake Erie drainage basin could be met by reducing sediment transport from cropland (Forster et al. 1985) . Longterm monitoring data indicate that the strategy has been successful, although changes in pointsource phosphorus loads and fertilizer use patterns also played a role (Richards and Baker 1997) . Similarly, the initial strategy to reduce nutrient losses from cropland in Chesapeake Bay watershed relied primarily on practices that had been found to be effective for reducing transport of sediment (USEPA 1988) .
Despite the many benefits of reduced rates of soil erosion, it was clear early in the bay restoration effort that additional measures would be needed to reach goals for reducing nutrients from cropland. In coastal waters, nitrogen tends to limit algal production (Ryther and Dunstan 1969) . Although both nitrogen and phosphorus limitation of algal growth occur in the bay seasonally and at different locations along the salinity gradient, the large spring and summer plankton blooms that lead to oxygen depletion tend to be limited by nitrogen availability (Fisher et al. 1992) . The need to address nonpoint-source transport processes other than surface runoff transport of sediment was especially apparent on the Eastern Shore, where the flat topography and soil drainage characteristics tend to favor subsurface rather than overland discharge of excess precipitation from cropland (Staver et al. 1989) . It is estimated that discharge of shallow groundwater accounts for approximately 75% of streamflow in the region (Bachman et al. 1994) and is the primary route of nitrogen delivery to surface waters from cropland (Bachman and Phillips 1996) .
To address the issue of nitrogen loss from cropland, educational and technical assistance programs were put in place to encourage farmers to closely match fertilizer application rates to crop needs, the central premise being that reducing the availability of soluble nutrient forms in the root zone would reduce the potential for transport in drainage waters. The goal of this effort was to develop a "nutrient management plan" for each farm, in which fertilizer application rates were calculated based on soil productive capability, soil nutrient levels, and the nutrient content of any wastes applied.
These plans are relatively straightforward where inorganic fertilizers are the sole source of nutrients, since it is possible to apply the precise amount of each nutrient called for in the plan. However, in the case of organic nutrient sources, prescribed application rates will vary depending on the choice of limiting nutrient. Animal manure and sewage sludge tend to be enriched in phosphorus relative to crop needs. Poultry manure, the major organic nutrient source on the Eastern Shore, contains plant-available nitrogen and phosphorus at a ratio that typically is less than two (Brodie and Lawrence 1996) , while crops need approximately five times more nitrogen than phosphorus (on a mass basis). As a result, applying poultry manure based on crop needs for nitrogen results in an application of phosphorus that is three to four times greater than what will be removed in harvested grain. Conversely, applying poultry manure based on the phosphorus needs of a single crop requires that manure be distributed across a much larger land area, and that supplemental inorganic nitrogen be applied to grass crops (Simpson 1991) .
Before the bay restoration effort, manure application had often been viewed as waste disposal, with little account given to nutrients; thus the initial intent of management plans was to make farmers aware of the nutrient value of manure so they could apply it at rates not exceeding crop nitrogen needs. Accompanying this technical assistance was an incentive program that paid most of the cost of constructing waste storage structures. These structures were intended to reduce the potential for nutrient runoff and leaching from stored manure and also to make it possible to more closely time manure applications to coincide with crop nutrient needs.
The overall strategy for reducing nutrient discharge from agricultural land in Maryland remained little changed from the mid-1980s through the mid-1990s. Early in the 1990s the strategy was refined such that nutrient-reduction goals and strategies were developed for specific regions of the drainage basin, but the strategy for the entire Eastern Shore remained heavily dependent on widespread implementation of nitrogen-based nutrient management planning and erosion control practices. Added to the strategy during the 1990s were state and federal incentive programs to encourage the use of winter cover crops (Staver and Brinsfield 1998) and riparian buffer zones (Lowrance et al. 1995) , practices known to be effective in the coastal plain for reducing nitrogen transport from cropland.
In 1997, the Nutrient Reduction Reevaluation Report (USEPA 1997) projected that both nitrogen and phosphorus reduction goals would be met in tributaries when strategies were fully implemented. Baywide, phosphorus inputs from point sources had been cut in half from 1985 to 1996, largely because of a ban on phosphate detergents. This ensured that the overall phosphorus reduction goal would be met. However, during the same time frame, nitrogen concentrations in several major Eastern Shore tributaries were increasing. Given the evidence that nitrogen availability was the primary factor controlling summer algal growth in the mesohaline regions of the bay (areas with low to moderate salinity) (Fisher et al. 1992) , the big challenge appeared to be finding ways to increase implementation of practices known to reduce nonpoint-source nitrogen loads.
Pfiesteria outbreaks raise questions
During the summer of 1997, fish kills occurred in tidal reaches of several lower Eastern Shore tributaries and were attributed to the dinoflagellate Pfiesteria spp. Human neurological problems also were linked to the Pfiesteria outbreaks, resulting in extensive media coverage and closure of several rivers for commercial fishing and recreational activities. Although the specific conditions that trigger toxic blooms are poorly understood, a consensus report was released implicating high nutrient levels as a contributing factor (University of Maryland 1997) . Studies suggesting that phosphorus has a stimulatory effect on Pfiesteria populations (Burkholder and Glasgow 1997) shifted attention to potential sources of phosphorus inputs to the subestuaries where the Pfiesteria outbreaks occurred.
The most extensive fish kill occurred in the Pocomoke River, which drains one of the most highly concentrated poultry-producing regions on the Eastern Shore. The high density of poultry production in the Pocomoke watershed, along with evidence suggesting a critical role of phosphorus in Pfiesteria outbreaks, triggered a reevaluation of Maryland's strategy for reducing nutrient discharge from agricultural operations, with an emphasis on how the current strategy dealt with waste from poultry production.
The central issue of this reevaluation was determining whether the toxic dinoflagellate blooms were merely the result of an unlikely combination of environmental factors or whether the nutrient reduction strategy was failing, thereby contributing to an ever-increasing likelihood of harmful algal blooms. Unfortunately, baseline nonpoint-source nutrient loads had not been determined for most of the Eastern Shore before the bay restoration effort began, making it difficult to verify that nutrient discharge rates were decreasing. Although large-scale modeling efforts projected reductions in nonpoint-source nutrient inputs, the limited discharge data that were available, plus tidal monitoring station data, indicated little or no measurable progress (Primrose et al. 1997 , USEPA 1997 , McCoy and Sturm 1999 . After several months of heated public debate, legislation was passed in Maryland (Water Quality Improvement Act of 1998) that will phase in mandatory controls on the use of nutrients in agricultural production. Although the technical details of the legislation have yet to be worked out, the greatest change forced by the legislation will very likely be the requirement that by 2005 all nutrient management plans consider the phosphorus content of wastes applied to cropland.
Phosphorus transport in agricultural drainage
The issue of phosphorus enrichment of agricultural production systems and its effect on phosphorus levels in drainage waters has been studied extensively in the last two decades. National attention has turned to the issue not only because of efforts to meet water quality standards mandated in the Clean Water Act but also because changes in nutrient flows in agricultural systems over the last several decades have created a new set of potential water quality problems. The development of the inorganic fertilizer industry, together with transportation infrastructure for fertilizers, feed grains, and animal products, has led to the spatial separation of animal and grain production and, consequently, to the concentration of nutrient flows into regions of concentrated animal production (Lanyon 1995) . Because of the low cost of inorganic fertilizer relative to costs for long-distance transport of animal waste, there is little return flow of nutrients to grainproducing regions. The significance of this separation for water quality is that repeated applications of phosphorus-rich animal wastes have raised soil phosphorus levels in regions of concentrated animal production to unprecedented levels, raising questions about the ability of traditional erosion control strategies to prevent unacceptable phosphorus losses from cropland.
Historically, the focus of research on soil phosphorus has been on characterizing the relationship between soil phosphorus concentration and crop growth and on developing tests for accurately assessing levels of plant-available phosphorus in the soil. Even relatively recent college textbooks on soil have referred to the "phosphorus problem" as the tendency for soluble phosphorus added to agricultural soils to be converted to insoluble forms unavailable for plant uptake (Brady 1984) . From a production standpoint, the challenge was to increase soil-soluble phosphorus concentrations to levels adequate to ensure that phosphorus availability would not be the factor limiting crop growth. Recently, however, it has been recognized that concentrations of soil phosphorus as measured by standard agronomic testing procedures have risen well above levels necessary for crop production in many areas, especially where there is a history of application of animal waste to cropland (Sims 1993) . With this recognition came questions regarding the relevance of agronomic soil test results to the potential for phosphorus transport in agricultural drainage, and about whether soluble phosphorus concentrations in soil were reaching levels sufficient to make overland and subsurface transport of dissolved phosphorus a significant component of total phosphorus transport (Heckrath et al. 1995 , Sharpley 1995a , Sims et al. 1998 . A secondary question to arise is how reduced tillage practices-which have been widely promoted and adopted during the last several decades-affect phosphorus transport as soil phosphorus concentrations increase.
In part, some of these questions have been answered in laboratory studies and at the scale of research plots and small watersheds. A common approach for evaluating the environmental implications of increasing soil phosphorus levels has been to evaluate phosphorus concentrations in field drainage water, simulated rainfall studies, or laboratory extractions with water, across a range of soil phosphorus levels. A consistent finding of these types of studies is that, for a given soil type, there is a linear relationship between soil phosphorus concentrations measured using agronomic testing procedures (which generally use some type of acid extraction) and the concentration of dissolved phosphorus in water flowing over or mixed with soil (Sharpley et al. 1994) . Different soils yield a wide range of levels of dissolved phosphorus concentration for a given soil phosphorus reading, but the differences can be predicted if the phosphorus sorbing capacity of the soil is considered (Sharpley 1995a) .
Relatively little information is available on subsurface transport of phosphorus, but as with surface runoff, the potential for losses in subsurface drainage appears to increase with increasing soil phosphorus concentrations (Heckrath et al. 1995) . The potential for subsurface losses also increases as the phosphorus sorbing capacity of the soil decreases. Thus, coarse-textured soils that have a high infiltration capacityand therefore a low potential to lose phosphorus in surface runoff-tend to have a greater potential to lose phosphorus via subsurface flow (Sims et al. 1998) .
Despite the general relationship between the concentration of dissolved phosphorus in runoff and soil phosphorus levels, the many other factors that affect phosphorus losses at the watershed scale make it difficult to predict total phosphorus losses based solely on soil phosphorus levels. Phosphorus loadings to a surface water body per unit of cropland in the watershed depend on the volume of overland flow, as well as on the concentration of all forms of phosphorus in that runoff. Runoff is not generated uniformly throughout a watershed. Thus, the critical factor is the extent of overlap between sites with a high potential to generate surface runoff and sites with high availability of readily transportable forms of phosphorus (Gburek and Sharpley 1998) .
In addition to soil phosphorus, phosphorus from plant residues Brinsfield 1991, Miller et al. 1994) or recently applied fertilizers or animal wastes on the soil surface can contribute to runoff phosphorus loads. The trend toward reduced tillage has increased the potential for materials on the soil surface to affect runoff phosphorus losses, and it has long been known that dissolved phosphorus losses tend to increase as tillage is reduced (Baker and Laflen 1983) . Some of the highest dissolved phosphorus concentrations reported from agricultural settings have been from sites where inorganic phosphorus or manure were applied on the surface just prior to runoff (Romkens et al. 1973 , Daniel et al. 1995 . In these settings, runoff phosphorus concentrations will be elevated independent of soil phosphorus concentrations.
Despite the increased potential for dissolved phosphorus losses from surface phosphorus sources in reduced tillage settings, in most comparative studies where manure applications were not a variable, highest total edge-of-field phosphorus losses have tended to be associated with the highest rates of soil erosion (Sharpley 1995b) . The two critical management issues are how to balance the many benefits of reduced erosion against the potential for increased loss of dissolved phosphorus, and how to deal with concentrated sources of phosphorus-rich wastes.
Phosphorus transport on the Eastern Shore
The critical management issues on the Eastern Shore are similar to those at the national level, the primary difference being the low erosion potential of Eastern Shore cropland relative to many other agricultural regions. Reduced tillage practices, which have been widely implemented, are projected to have reduced nonpoint-source phosphorus losses from Eastern Shore cropland. Unfortunately, little preimplementation data exist to determine whether projected reductions in phosphorus losses from cropland have actually occurred. Long-term monitoring in the upper Choptank drainage basin (Figure 1 ) has indicated average annual phosphorus losses of approximately 0.35 kg per ha from a 290 km 2 subwatershed comprising approximately 55% cropland and 42% forest (MDE 1991) . Monitoring of the discharge from the smaller German Branch watershed (49 km 2 ) in the Choptank drainage basin, which has a higher percentage of cropland (68%), indicated annual phosphorus losses of 0.9 kg per ha from 1990 to 1995, despite average annual sediment losses of only 124 kg per ha (Primrose et al. 1997) . Phosphorus concentrations in stream baseflow tend to be relatively low, with most phosphorus transport occurring within relatively brief periods during storms that generate overland flow (Staver et al. 1996) . As a result, phosphorus concentrations in streamflow are correlated with the transport of sediment (Jordan et al. 1997) , which also occurs primarily during storms that generate overland flow.
Despite the covariation of sediment and phosphorus concentrations in streamflow, phosphorus transport is not necessarily dominated by particulate forms. Streamflow total phosphorus concentrations in German Branch were found to be more dependent on orthophosphate-phosphorus than on sediment concentrations, and more than half of watershed phosphorus losses occurred as orthophosphate (Primrose et al. 1997) . Despite relatively low rates of sediment transport, total phosphorus losses from the German Branch watershed are comparable to those reported for watersheds with a similar fraction of cropland in the Lake Erie drainage basin (Baker 1985) . Orthophosphate-phosphorus losses from the German Branch watershed were more than double the soluble reactive phosphorus losses reported in the Lake Erie watersheds. Annual volume-weighted total phosphorus concentrations averaged 0.21 mg per L, well above the level generally considered to be problematic in terms of stimulating excessive algal production in surface waters (Correll 1998) .
Outside the Choptank River drainage area, little information is available on nutrient transport patterns in large Eastern Shore watersheds, including those in the concentrated poultry-producing regions where Pfiesteria outbreaks occurred in 1997. Long-term studies of nutrient transport processes have been conducted in fieldscale agricultural watersheds in the Wye River drainage basin (Staver and Brinsfield 1995) . The primary objective of these studies was to characterize nutrient transport patterns in low-erosion settings and to evaluate the effectiveness of practices promoted for reducing nonpoint-source nutrient inputs from cropland to Chesapeake Bay. Consistent with patterns of streamflow phosphorus concentration in the region, phosphorus losses were found to occur almost exclusively during brief periods of overland flow closely associated with precipitation.
Although erosion-reducing practices were highly effective for controlling edge-of-field sediment losses, they were much less effective in reducing total phosphorus transport. No-till methods, which have been promoted in the Chesapeake Bay watershed for reducing sediment-bound nutrient losses, actually resulted in an increase in total phosphorus transport, due to higher dissolved phosphorus concentrations in overland flow.
In some settings, reduced tillage has been shown to greatly reduce the volume of surface runoff (Langdale et al. 1985 , Baker 1987 , thereby offsetting any increases in dissolved nutrient concentrations. Although tillage has produced some seasonal effects on runoff volume in the Wye watershed studies, long-term differences in runoff volume were minor. Consequently, higher dissolved phosphorus concentrations in runoff under no-till management resulted in total phosphorus losses that were approximately 70% higher than losses in adjacent fields where the soil was tilled annually. The increases in dissolved phosphorus concentrations in surface runoff are especially problematic, because most of the additional phosphorus was in forms highly available to algal species. In addition, although a major fraction of particulate phosphorus in runoff can be trapped in down-gradient riparian buffer zones, which have been highly promoted as part of the bay restoration effort, retention of dissolved phosphorus is relatively minor in these areas in the coastal plain (Lowrance et al. 1995) .
Soil sampling in the Wye watershed studies (Figure 2 ), as well as plot and lab studies conducted in Maryland (Weil et al. 1988, Coale and Olear 1996) , suggest that the primary factor responsible for higher dissolved phosphorus concentrations in runoff under no-till conditions is the tendency for phosphorus levels to increase near the soil surface in the absence of tillage. Water extractions of surface soils from the Wye watersheds (Figure 3) indicated the same positive linear relationship between agronomic soil phosphorus test levels and the potential for release of soluble phosphorus that has been reported for many soil types (Sharpley 1995a) .
The increase in soil phosphorus near the soil surface can result from surface applications of fertilizer, but it also is attributable to the annual cycle of plant uptake of soil phosphorus, followed by deposition on the soil surface at the end of the growing season of phosphorus in unharvested plant parts. Unlike nitrogen, phosphorus readily leaches from senescing plant tissue, primarily as orthophosphate, with the potential for release closely tied to phosphorus concentrations in tissue (Figure 4) . The end result is that in the absence of tillage, soil phosphorus concentrations tend to become stratified, with highest concentrations near the soil surface. The layer of plant residues that accumulates on the soil surface not only contributes phosphorus to uppermost soil horizons but also can release dissolved phosphorus directly into overland flow. In the Wye watershed studies, the highest dissolved phosphorus concentrations in runoff occurred in early fall after senescence of the corn crop.
Although few water quality data have been collected in the concentrated poultry-producing regions on the Maryland Eastern Shore, the potential for sources of soluble phosphorus on the soil surface to greatly increase dissolved phosphorus in overland flow suggests that poultry litter applied in reduced tillage settings may be having a major shortterm effect on surface runoff losses of phosphorus. Total phosphorus concentrations in poultry litter spread on crop fields in Maryland tend to be five to 10 times greater than levels in crop residue (Brodie and Lawrence 1996) , and release of orthophosphate-phosphorus from poultry litter extracted with water tends to be well above that for agricultural crop vegetative tissue (Figure 4) . However, even plant tissue containing little phosphorus released greater quantities of phosphate than the most enriched soil samples from the Wye watershed studies, and poultry litter released nearly 100 times more phosphate into solution on a unit mass basis than did soil samples with the highest plantavailable phosphorus concentrations. Clearly, relatively small quantities of phosphorus-rich material, such as poultry litter, on the soil surface have the potential to increase runoff dissolved phosphorus concentrations well beyond levels expected based on soil phosphorus content.
A conservative strategy
Although data on phosphorus transport on the Eastern Shore are limited, what data there are suggest that little progress has been made in reducing phosphorus losses from cropland. Clearly pressure is going to be maintained on agriculture until measurable reductions in nutrient losses are achieved. The main difficulty in developing an effective strategy is the lack of a clear picture of the factors driving phosphorus transport rates in Eastern Shore watersheds, especially those in the concentrated poultry growing regions. While it is known that soil phosphorus concentrations are increasing where high-phosphorus wastes are being used to supply crop nitrogen requirements, it is not clear whether losses of phosphorus are primarily due to the resulting increase in soil phosphorus concentrations, or direct losses from applied wastes. One currently unanswered question is the extent to which poultry litter is being applied in reduced tillage situations. It is possible that major short-term reductions in phosphorus losses from cropland could be achieved simply by modifying tillage recommendations to ensure that phosphorus-rich wastes are not used in no-till settings.
Even if short-term reductions in phosphorus losses from Eastern Shore cropland can be achieved, the bigger challenge will be to address the issue of concentrated animal production and the resulting net flow of phosphorus into the region. The extent of phosphorus accumulation on the Eastern Shore becomes apparent when the major inputs and exports of phosphorus are considered ( Figure 5 ). This approach has been taken at the farm scale (Bacon et al. 1990 ) and is equally useful for assessing overall trends in phosphorus enrichment at larger spatial scales.
Unlike nitrogen, which can move freely between soil and atmospheric pools through several major pathways, phosphorus is moved almost exclusively through managed pathways associated with food and waste production cycles. Thus, although it may be difficult to precisely determine phosphorus budgets for specific watersheds, the major flows of phosphorus to and from the Eastern Shore are well defined and readily quantifiable. Since net flows of phosphorus into a region accumulate in the soil, establishing a phosphorus budget provides an indication of the rate of enrichment of the soil-plant system, which in turn influences the phosphorus content of drainage water.
In many ways, the pattern of poultry and grain production that has developed on the Eastern Shore during the last several decades mirrors national trends. Because of the concentration of poultry production on the lower Eastern Shore, there is a net flow of grain and associated phosphorus into those counties, but no return flow of phosphorus in poultry wastes. As a result, inorganic phosphorus continues to flow into grain-producing areas with little poultry production, even though there is a large regional phosphorus surplus. For the entire Eastern Shore, inorganic phosphorus fertilizer is the single largest import of phosphorus (Brodie and Lawrence 1996) and represents just under half of the total phosphorus applied to cropland. The second largest phosphorus import is supplemental phosphorus 
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used in poultry rations, necessary because a large fraction of the phosphorus present in corn and soybeans cannot be utilized in the digestive systems of monogastric animals (Summers 1997). Like inorganic phosphorus fertilizer, most of the supplemental phosphorus added to poultry rations originates from mines in the southeastern United States. As a result of the unavailability of much of the phosphorus in the grain component of poultry rations, less than 40% of the phosphorus in poultry rations is exported from the region in poultry products.
Total inputs of phosphorus to Eastern Shore cropland are approximately double the rate of removal in grain. Annual net surpluses are stored in the soil (except for the small fraction that is lost in runoff), resulting in a regional average annual increase in soil phosphorus of approximately 10-15 kg per ha. Consistent with this calculation is an increasing trend in phosphorus content of soil samples submitted to the University of Maryland Soil Testing Laboratory (Sims 1993) . Soil analysis results also suggest that gains in soil phosphorus have been greatest in concentrated poultry-producing regions relative to areas where inorganic fertilizer is the predominant phosphorus input (Coale and Buriel 1998) . This pattern is not surprising, given that applying poultry litter according to widely implemented nitrogen-based nutrient plans typically results in annual gains in soil phosphorus ranging from 50 to 80 kg per ha. For the entire Pocomoke watershed, the phosphorus content of poultry litter produced annually exceeds the annual removal of phosphorus in harvested grain by an average of more than 20 kg per ha. This suggests that since the effort to reduce nutrient inputs to Chesapeake Bay began in the late 1980s, approximately 25 million kg of phosphorus have been added to the root zone in the Pocomoke watershed.
The legislation passed after the Pfiesteria outbreak generally addresses increasing soil phosphorus levels by mandating field-by-field phosphorus-based nutrient management. The critical question is what the target soil phosphorus level should be. Because there is no apparent minimum threshold in the general relationship between the concentration of soil phosphorus and the potential for phosphorus transport in runoff, the best-case scenario from a water quality perspective would be to manage phosphorus inputs so as to reduce soil phosphorus levels to the minimum level that is adequate for optimal crop production. Although this condition would take many decades to achieve (McCollum 1991)-and probably is unnecessary for the restoration of acceptable water quality in Chesapeake Bay-some progress toward this end will be necessary if any sustainable reductions in phosphorus losses from cropland are to be achieved. At the very least, a strategy must be implemented that stabilizes the levels of soil phosphorus in the region.
Adjusting soil phosphorus levels through management of phosphorus inputs is straightforward at the field scale. When inputs are reduced relative to removal rates in harvested crops, soil phosphorus concentrations decrease predictably and are easily monitored using standard soil-sampling techniques. The primary management challenge occurs in areas where the generation of phosphorus-rich wastes exceeds crop needs. Fortunately, on the Maryland Eastern Shore the problem of excess generation of high-phosphorus wastes is relatively localized. The phosphorus content of poultry litter and sewage sludge currently is approximately equal to annual removal rates in grain harvest ( Figure 5) . Thus, the potential exists for balancing the regional phosphorus budget by substituting current organic phosphorus sources for imported inorganic phosphorus on a one-for-one basis. Many options exist for redistributing organic phosphorus, including hauling of raw wastes within the agricultural sector (Harsch 1995) , composting and retail marketing to residential customers (Brodie 1996) , and even biofuel systems in which the phosphorus is concentrated in ash that is more economical to transport long distances (Dagnall 1994) . Balancing the regional phosphorus budget may be made much easier by recent developments in poultry ration formulation. The use of phytase, an enzyme that makes more of the phosphorus in grains nutritionally available, and the development of grains with a higher percentage of available phosphorus, may greatly reduce the need for using phosphorus supplements in poultry rations (Sims et al. 1999) . The result would be a major reduction in phosphorus inputs to the region and lower phosphorus concentrations in poultry wastes.
Conclusions
The possible critical role that phosphorus may have had in stimulating toxic dinoflagellate blooms in Chesapeake Bay in 1997 started a public debate that resulted in passage of legislation in Maryland mandating control of nutrient use in agriculture. Also contributing to passage of this legislation was evidence that nutrient losses from cropland had failed to decrease, despite a decade-long effort employing educational and voluntary incentive programs. The effort to craft a strategy to reduce phosphorus loss from cropland has been hindered by a lack of information on the factors controlling phosphorus transport rates in regions with low-erosion potential such as the Eastern Shore. Despite extensive ecological research in the Chesapeake Bay region, the focus of this research has been almost exclusively on the seaward side of the land and water interface. Even within terrestrial ecology, research on nutrient processes tended to focus on natural systems, with the agricultural component of watersheds often viewed as a "blackbox" nutrient source.
Despite the lack of phosphorus transport data, which is most acute in concentrated poultry-growing regions, several key points have been discerned. First, despite relatively low rates of erosion, phosphorus losses from cropland in the region are not negligible, and phosphorus concentrations in surface runoff are well above levels viewed as problematic in aquatic ecosystems (Correll 1998) . Second, the strategy used thus far, which relies on erosion control to reduce phosphorus losses from cropland, probably has not yielded the reductions that were projected. It is likely that increased use of reduced tillage practices has increased dissolved phosphorus losses, and dramatically so in settings where phosphorus-rich wastes are left on the soil surface. Third, the dominant terms in the regional phosphorus budget indicate that annual inputs are approximately double the outputs, resulting in increasing soil phosphorus concentrations, especially in concentrated poultry-growing regions. And fourth, the potential for the plant-soil system to contribute to phosphorus losses in surface runoff is closely tied to the level of phosphorus enrichment, suggesting that watershed phosphorus losses will tend to increase as soil phosphorus concentrations increase. Thus, although it is likely that short-term reductions in phosphorus losses can be achieved through refined management of soluble phosphorus on or near the soil surface, these reductions will not be sustainable unless the regional phosphorus surplus is eliminated.
Although advances in animal nutrition will eliminate some of the phosphorus surplus on the Eastern Shore, it is likely that substitution of internal phosphorus sources for phosphorus currently imported to the region also will be necessary, especially if an attempt is made to draw down soil phosphorus levels in concentrated poultry-producing regions. Several straightforward approaches exist for redistributing the phosphorus in wastes generated on the Eastern Shore. Since the current waste-management approach-which largely discounts the phosphorus content of wastes both agronomically and environmentally-developed in a market environment emphasizing production efficiency in its narrowest sense, it is clear that distributing wastes across larger areas will be more costly in the short term.
Sewage sludge is not generated within the Eastern Shore agricultural sector, but use of cropland for disposal is likely to continue and possibly expand because the human population is growing and nutrient removal from human waste streams within the Chesapeake Bay watershed is increasing. Unlike animal wastes, human waste streams have an associated revenue-generating system for financing long-distance transportation and distribution. If new nutrient management regulations require more costly waste-distribution methods, it is simple, albeit contentious, to raise the fees paid by users of wastewater treatment systems to finance mandated changes. In the case of agricultural wastes, mechanisms are not in place for producers to recoup increased waste-handling costs, since wholesale prices for agricultural products generally are determined by national or global markets rather than by the producer.
The overall challenge is to bring about changes in agricultural production methods that reduce environmental degradation without placing unmanageable constraints on the agricultural sector. In the near term, agricultural producers in Maryland will be at a competitive disadvantage, because producers outside the state will not have the added production costs associated with implementing mandated nutrientmanagement practices. The general issue of how to pay the increased agricultural production costs associated with reducing environmental degradation has been a hotly debated topic since well before the beginning efforts to restore Chesapeake Bay (Libby 1985) . That issue is far from resolved. It will command even more attention as water quality management becomes an integral part of agricultural production.
